Abstract| This pap e rexamines dynamical models for bladedprop e ller type marine thrusters. Previously reported thruster dynamics models are reviewed, and a simplied model is proposed. Experimental testing of b o th the transient and steady-state performance of a marine thruster corroborates previously rep o rted data, validates the simplied thruster model, and raises new questions. A companion pap e rrep o rts preliminary experiments in the design and testing of thrust controllers which incorporate the dynamical thruster models described in the present pap e r.
I. Introduction RECISION automatic p o s i t ion control of marine vehicles enables industrial and scientic tasks such as automatic docking and station keeping; precise surveying; inspection; sample gathering; and manipulation. With recent advances in vehicle underwater vehicle navigation techniques, e.g. [1] , [2] , [3] , [4] , our ability to precisely control the hovering and low-speed trajectory of an underwater vehicle is limited principally by our understanding of (i) the vehicle's dynamics and (ii) the dynamics of the bladed thrusters commonly used to actuate dynamicallyp o s i t ioned marine vehicles. This paper addresses the latter problem.
A growing b o d yof theoretical and experimental literature indicates that an essential element of improved vehicle p o s i t ioning systems is improved dynamical models of the bladed thrusters commonly used to actuate dynamicallyp o s i t ioned marine vehicles [5] , [6] , [7] , [8] , [9] . The control systems of present-day dynamically p o s i t ioned marine vehicles typically ignore thruster dynamics completely | treating it as an unmodeled disturbance. Figure 2 , for example, shows the dynamic response of the 1200Kg JASON ROV while station-keeping under a simple PD control designed using a steady-state (not dynamic) thruster model. corporating precise models of thruster dynamics into the feedback control systems of marine vehicles promises improved vehicle positioning. The objective of this paper is to review, experimentally corroborate, and extend the principal dynamical models that have b e e nproposed for marine thrusters. This paper focuses exclusively on the dynamics of the electrically actuated thrusters typically employed on dynamically positioned vehicles, and on the region of operation typical of hovering and low-speed tracking. The simple unsteady thruster dynamics models presented herein are shown to b esignicantly b e t ter than those available just a few years ago. As noted in the text, however, a variety of important issues remain unresolved. We hope to encourage broader research on these topics within the o c e a n engineering community.
We believe the study electrically actuated marine thrusters to b etimely for two reasons. First, electric actuation is the preferred design choice for low-power autnomous underwater vehicles. Second, it has recently b ecome common for ROV designers employ electrically actuated thrusters (in place of hydraulic thrusters) even in large ROV systems.
A companion paper, [10] , reports preliminary experiments in the design and testing of model-based thrust controllers which incorporate the dynamical thruster models described in the present paper.
I I .Thruster Dynamics Theory
This section reviews the transient hydrodynamics of marine propellers. It provides a historical summary of recent . work in lumped-parameter thruster dynamics modeling, and suggests a simplied alternative to a previously prop o s e dt hruster model.
Marine Thrusters for Dynamic Positioning
Electrically actuated thrusters are typically comprised of a housed brushless DC electric motor whose shaft is connected directly to a ducted propeller, as shown in Figure 5 . Some thrusters employ a gearbox for torque amplication and speed reduction b e t w een motor and propeller. The thruster \control input" of motor current, i m , is typically provided by a pulse-width modulated (PWM) commutating current amplier. In undersea DC brushless motors, propeller position (necessary for commutation) is typically instrumented either by a resolver or by Hall-eect sensors. Propeller rotation velocity, Ò, is obtained by numerically dierentiating this p o s i t ion signal. On actual underwater vehicles, the \thruster output" of axial thrust, T , and the actual propeller torque, Q, are typically not instrumented. Similarly, ambient uid velocity, v a , and duct-uid velocity, v p , are typically not instrumented.
For low-speed maneuvering applications, where the thruster will typically operate bi-directionally at a variety of p o w e rlevels, it is often not possible to \optimize" the propeller blade shape for a particular operating condition. This is in contrast to steady-state and quasi-steady-state applications for which elegant design techniques have been developed to optimize both propeller and duct design, e.g. [11] , [12] . Mounting constraints (e.g. hull-clearance) often preclude the use of highly-ecient large-diameter propellers, and symmetric propellers are often employed to provide equal bi-directional thrust. Accordingly, thruster propeller selection is typically sub-optimal in comparison to the ecient asymmetrical designs used for conventional ship propulsion [13] , [14] . The 1,000W thrusters employed in these experiments, Figure 5 , were custom designed by Andrew Bowen at the Wo o d sH ole Oceanographic Institution for the JASON ROV.
Basic Hydrodynamic Relations
The derivation of a steady-state hydrodynamic model for propellers operating in incompressible uid can b efound in most introductory uid dynamics texts, e.g. [14] , [13] , [15] , and is only briey summarized here. The notation is summarized in Figure 3 .
The axial thrust force on a ducted marine propeller in steady-state operation can b eequated to (i) the uid pressure dierential across the disk of the propeller and (ii) the acceleration of the uid mass in the duct. Assuming (i) gravity eects are negligible, (ii) incompressible ow, (iii) inviscid ow, and (iv) axial uid ow (rotational ow is ignored), then we can apply Bernoulli's equation to streamlines upstream and downstream of the propeller to obtain 
and from (1) (4) In the special case where v a = 0, we can rewrite (4) It is well documented, e.g. [13] , that under steady-state bollard-pull conditions a symmetrical propeller's steadystate axial thrust, T , is proportional to the square of the propeller's rotational velocity, Ò. We will nd it convenient to write this quadratic relationship in the form
where is the propeller eciency coecient, p is the propeller pitch, a is the propeller area, and is the uid density. 
The authors apply these assumptions directly to (3) v a = 0: zero ambient uid velocity and prop thrust, torque, and velocity are related by the lift and drag forces on the wing-like blades of the propeller according to specied lift and drag relations. The model proposed in [8] has three parts: First, assume the thruster motor/prop combination possesses electromechanical dynamics as follows:
where I is the motor and prop moment of inertia; k t is the motor torque constant; k f is the motor viscous friction constant; and Q is the propeller rotational torque due to where the constants k 1 , k 2 , and k 3 are given by
Second, the linear momentum equation (5) 
These equations employ standard \lumped parameter" simplifying approximation, e.g. [14] p. 137, to compute lift and drag on the propeller blades. Note that all of the thruster models described herein consider only axial uid ow | rotational ow of the uid in the duct is ignored. In (2)) (16) where C Lmax and C Dmax are experimentally determined scalar co e c ients. Note that the denitions of C L and C D employed here diers from the normal denitions for C L and C D of a lifting surface in two ways and, accordingly, have dierent units. First, these denitions ignores the usual dependence on Reynolds number. Second, these denitions are specic to propeller blade \wings" of xed surface area.
D. Thruster Model 2b
The electro-mechanical dynamics of Model 2a, from [8] , were included to more closely approximate the experimental thruster apparatus reported in [8] | which incorporated a voltage-driven DC thruster motor. Most full-ocean depth thrusters, however, are often actuated by 3-phase DC brushless electric motors equipped with commutating current ampliers. Our operational underwater robot systems (e.g. JASON, ABE, HYLAS [16] , [17] , [18] ) employ high-bandwidth closed-loop current ampliers to drive the thruster motors, and are thus able to precisely and instantaneously command motor electrical current.
Using current ampliers allows us to employ the motor model (10) directly, obviating the need to model motor electrical dynamics given in (11) . Moreover, these commonly available current ampliers are usually equipped with high-resolution resolvers measuring propeller shaft p osition. Thus instrumented, a thruster motor can easily b e congured as a closed-loop shaft velocity servo which delivers motor currents as required to cause the propeller to track a commanded propeller rotational velocity.
This suggests a simplied version of Model 2a in which the propeller and uid dynamics are approximated by a one-dimensional rst order nonlinear dynamical system in which the state variable is axial uid velocity and the control input is propeller rotational velocity. This model employs the following assumptions: v a = 0: zero ambient uid velocity, propeller thrust and torque are related by the lift and drag forces on the wing-like blades of the propeller according to specied lift and drag relations, and the thruster model input Ò is the propeller rotational velocity. As will b eseen in the data, precise control of propeller velocity is easily achieved with a highgain velocity servo loop. The high-gain velocity loop compensates for motor electro-dynamical eects such as back-emf, friction, stiction, and dead-band.
First, as in Model 2a, the linear momentum equation (6) is rewritten as p e r( 13), resulting in a 1-D second order nonlinear dierential equation with state v p and exogenous input T due to the propeller hydrodynamic loading. Second, as in Model 2a, we write the propeller torque and axial force as function of a lumped parameter propeller blade lift, L, and drag, D, as p e r ( 14) and (16) . Model 2b includes axial ow dynamics, but omits all rotational mechanical dynamics and and motor electrical dynamics | a simplication of the second-order model originally proposed in [8] .
Note that Model 2a includes explicit modeling of motor electro-mechanical dynamics including shaft bearing and seal friction, while Model 2b assumes that Ò is the actual command-input and, in consequence, ignores all motor electro-mechanical dynamics.
I I I .Thruster Dynamics Experiments
This section reports a series of experiments conducted under a variety of conditions to compare actual thruster performance to that predicted by the models of the previous section. A. Experimental Setup Figure 6 depicts the thruster test-tank setup employed for these experiments. Figure 7 shows a typical experimental thruster response (Thrust, propeller rotation velocity, and axial uid ow) to a 9.25 n m step torque command as measured using the test-tank setup depicted in 6.
These experiments employed a new brushless electric thruster designed for the 6000 Meter JASON ROV incorporating MOOG model 304-140A frameless windings and magnets with resolver position feedback in a custom oil-compensated housing. The motors were driven by an ELMO model EBAF15/160 3-phase commutating 20KHz PWM current amplier. Under the inductive load of the motor, the current amplier was congured to track current commands with a 2ms time constant. The current limit was set at 9 Amps at a supply voltage of 120V for a maximum p o w er of about 1KW. The tests employed a VETUS model BP125 propeller of diameter 24.6cm and pitch 22.5 degrees, surrounded by a duct of length 12.7 cm and diameter 26cm. The propeller is symmetrical in forward and reverse motion. The propeller was mounted directly on the motor shaft; no gearbox was employed. Resolver feedback was converted to quadrature by an AD2S82 resolver-todigital chip on-board the EBAF15/160 to a resolution of 4096 counts p e rshaft mechanical revolution.
For these experiments a thruster was mounted on test stand designed for maximum rigidity under thrust loading. The stand transferred thrust to a JR3 force sensor with full-scale range of +/-960 N. The JR3 amplier converted the thrust load to a proportional +/-10 volt analog output, with internal analog low-pass lters set to a 163 Hz cuto frequency, well above the frequencies of interest. The test stand itself had a fundamental mechanical vibration frequency about 24 Hz (in the axial thrust direction) when fully congured with the thruster, load cell, etc. The stand held the motor in a horizontal-shaft conguration, submerged 1 meter in a cylindrical test-tank measuring 5 meters in diameter and 3.5 meters in depth. The uid ow velocity was measured at 20 Hz (i.e. one full 3-axis ow measurement every 50 ms) with a 3-axis BASS acoustic ow-meter, [19] , mounted 30cm downstream of the propeller along its central axis.
The host computer was a 486 class PC equipped with a quadrature interface, 12 bit Analog I/O, and a 100 KHz hardware clock. The amplier, sensors, and host computer were extensively shielded and opto-isolated to minimize electromagnetic interference. All controllers were executed at 500Hz. The data was sampled and logged at 100Hz, with the exception of uid ow which was sampled and logged at 20Hz. Propeller rotation velocity was obtained by numerically dierentiating the 4096 count=revolution raw propeller p o s i t ion data, and smoothing the result with a rst order recursive low-pass digital lter with 10ms time constant. The 10ms time-constant of the low-pass lter was tuned empirically to enable smooth high-gain velocity servoing.
B. Model 1 Evaluation
This section investigates the validity of Model 1 by comparing experimental thruster response to that predicted by numerical simulations of Model 1. The numerical simulation of Model 1 employed actual measured values for all physical plant parameters (e.g. r; a ; l ; p ; ). Figure 8 shows experimental steady-state data from the thrusters described in Section III-A. As predicted by the steady-state relation (7), Figure 8 
B.1 Model 1: Steady-State Response
This data conrms the well known quadratic relation b et w een propeller rotational speed and thrust under steadystate bollard-pull conditions [13] . As predicted by (9), Figure 8 (middle) shows actual steady-state thruster torque Each of the three experimentally determined steady-state relations (17) , (18) , and (19), can b eequated to its theoretical counterpart to yield a numerical value for .
First, equating (7) with the experimentally determined (17) and solving for yields 1 = 0:49. Second, the stable xed p o int of (9) occurs when Ò = 0. Equating this xed point to the experimentally determined (19) and solving for yields 2 = 0:81. Third, combining this with (7) yields the theoretical relation Q = 1 2 r tan (p)T which can b e equated with the experimentally determined relation (19) to yield 3 = 0:53.
The three values for dier substantially, indicating that while Model 1 is qualitatively descriptive of steady-state thruster performance, it is not a quantitatively accurate model of steady-state thruster performance. As an ad-hoc solution, in the numerical simulation we have employed 1 in the simulation of the thrust map (7) and 2 in the simulation of the dierential equation (9) . The V parameter determines the transient response of (9) but does not enter into its steady-state behavior of Model 1. In the simulations we set V to b et he actual duct volume. Figure 9 shows the actual thruster response (left column) and simulated Model 1 thruster response (right column) to identical step torque inputs. The rise time for both thrust and prop e ller rotation speed is similar for the actual and simulated model responses. The actual thruster response exhibits signicant overshoot in thrust | corroborating experiments previously reported in [6] , [7] , [8] . In our experiments we consistently observed overshoot in propeller rotation speed | an observation not previously noted in [5] , [6] , [7] , [8] .
Neither thrust overshoot nor rotation velocity overshoot are exhibited by the Model 1 simulation | indeed the Model 1 rst-order equations are structurally incapable of generating thrust or prop speed overshoot for any set of plant parameter values. Is this discrepancy b e t w een experiment and Model 1 simulation unique to this particular thrust value? Figure 10 1. Parameters C Lmax ; C Dmax ; and k f enter linearly into (14) . Their values were determined by a least-square t to experimentally measured steady-state values of Q;T;Ò, and v p at 9 dierent thrust levels.
2. The parameter É enters linearly into the steadystate xed-point of (6). Its value was determined by a least-square t to experimentally measured steadystate values of T and v p at 9 dierent thrust levels. 3. The parameters I and , which determine the rise time of (6), were chosen manually (by trial-and-error) so that the simulation's rise time roughly corresponded to the experimental observations. Note the following observations:
1. The experimentally determined least-square values for C Lmax and C Dmax are plausible values. These values dier from those reported for a completely dierent thruster in [8] , wherein the authors employed a manual parameter-tting procedure. 2. The experimentally determined least-square t value for É agrees closely with that predicted by simple hydrodynamic analysis (5 We note that both the actual experimentally instrumented thruster and the Model 2a simulation exhibit a characteristic steady-state angle-of-attack (b e t w een blade chord and incoming uid velocity) of approximately 0.21 radian (about 12 degrees). As shown in Figure 13 , this steady-state angle of attack was observed to hold over a wide range of conditions in both experiments and simulation. This observation has not been previously noted in [5] , [6] , [7] , [8] .
C.3 Model 2a: Transient Response
Referring to Figure 11 we note the following observations: Variable Response Time: The Model 2a simulation responses do exhibit \rise time" which varies with torque level | behavior typical of nonlinear dynamical systems. This corroborates previously reported thruster experiments, e.g. [5] , [20] , [7] , [8] . Force Overshoot: The Model 2a simulation responses in Figure 11 do not exhibit the characteristic thrust overshoot which is clearly observed in the actual thruster torque step response data. These simulations employed the plant parameter values obtained experimentally as described in Section III-C.1. Only by using a \manually tuning" set of Model 2a plant parameters were we able to elicit characteristic force overshoot in the Model 2a simulation (not shown) | as has been done previously in independently reported experimental studies [20] , [7] , [8] . For example, the manually tuned parameters C Lmax = 2:0, C Dmax = 0:2, and É = 1:0 (with remaining parameters as p e rFigure 12) result in model thrust overshoot, but these manuallytuned values are inconsistent with the experimental data.
Unlike previous experimental studies, our instrumentation enabled us to experimentally determine thruster parameter values for C Lmax ; C Dmax ; k f ; and É | rather than \manually tuning" the simulation parameters. Model 2a steady-state simulations using these experimentally measured plant values correspond accurately to steadystate experimental data. Curiously, Model 2a transient simulations using these experimentally measured plant values do not correspond precisely to transient experimental data. Velocity Overshoot: The experimental step responses in Figure 11 exhibit a characteristic propeller velocity overshoot which is not observed in the simulation. This experimental \velocity overshoot" has b e e ndocumented in data presented in previously reported studies, [20] , [7] , but its presence appears to have been overlooked.
The Model 2a simulations in Figure 11 do not exhibit this characteristic propeller velocity overshoot. Moreover, we were unable to nd any \manually tuned" set of param- eter values which elicits propeller velocity overshoot in the simulations. We surmise that Model 2a is generically incapable of eliciting \velocity overshoot" behavior, and expect that a more detailed hydrodynamic model might exhibit this experimentally observed b e havior.
D. Model 2b Evaluation
Experimental testing of Model 2b is predicated on the ability to instantaneously \command" the propeller velocity, Ò to any desired reference value, Ò r . To accomplish this, we implemented a propeller velocity feedback controller comprised of a model-based feedforward torque term and a high-gain velocity loop feedback term. Simulation data is dashed line.
estimated by numerically dierentiating the p o s i t ion signal, and smoothing the resulting signal with a rst-order low-pass lter with a 10ms time constant. How good is this propeller velocity controller? Figure  14 and Figure 15 (bottom) show the reference and actual propeller velocity for this controller for dierent reference trajectories. Figure 14 shows performance in tracking both discontinuous and constant velocity commands. Figure 15 (bottom) shows the tracking p e rformance for continuously varying velocity commands. The tracking accuracy of this type of controller is principally limited by (a) sampling rate, (b) shaft position sensing resolution, and (c) actuator saturation limits. In this case, highly accurate velocity tracking is possible due to the high sampling rate (500Hz), high p o sition accuracy (4096 counts/rev), and high actuator saturation limits (current limit was set to 9 Amps, bus voltage 120 Volts).
D.1 Model 2b: Parameters
The parameters used in the Model 2b simulation were identical to those given in Section III-C. 
IV. Conclusion
This report corroborates previously reported studies of thruster dynamics, [5] , [6] , [20] , [7] , [8] , and makes several new observations.
1. All reported models accurately predict steady-state thrust response over a wide range of conditions using experimentally determined model parameters. The reported models dier signicantly in the accuracy of predictions of transient (unsteady) response. 2. None of the models, when using experimentally determined model parameters, reproduce the thrust and propellor velocity overshoot seen in the actual thruster step-response experiments. We surmise that these discrepancies might b ec orrected by extending the model to include a more detailed analysis of the dynamical coupling b e t w e en the thruster's axial hydrodynamics and the propeller and motor's rotational dynamics. 3. Model 1, [5] , shows a variable response time that depends on the input torque magnitude. Experimental determination of Model 1 parameters yields inconsistent values for the model parameter . 4 . Model 2a, [8] , represents an improvement in thruster 1. The discrepancy b e t w een the experimentally observed axial ow transient response and the model predictions, shown in Figure 7 , remains unexplained. 2. The discrepancy b e t w een the experimentally observed prop e ller torque under unsteady conditions and the model predictions, shown in Figure 15 , remains unexplained. 3. The experimentally observed prop rotation \velocity overshoot" remains to b eexplained. 4. Rotational uid ow was ignored in the simple models presented herein. To the b e st of our knowledge, the role of rotational ow eects in unsteady thruster dynamics has not been experimentally investigated. We surmise that the inclusion of rotational ow eects in the thruster dynamical model might improve its accuracy. 5. An improved understanding of thruster and uid dynamics under reversing ow conditions would b eof considerable interest and utility toward the design of high-performance thrust control algorithms for marine thrusters. This problem involves non-trivial issues such as ow separation and wake-ingestion. To the b e s tof our knowledge (i) at present no computational uid-dynamics simulations exist which can fully and accurately model thrusters under unsteady reverse ow conditions, and (ii) a comprehensive experimental LDV or PIV mapping of uid ow for thrusters under unsteady reverse ow conditions has not been attempted. Our goal is the design and testing of model-based thrust controllers incorporating the dynamical thruster models is the subject of our current eorts. Preliminary experiments on this subject are reported in [10] .
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